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ABSTRACT. Understanding the processes involved in the control of arsenic (As) dynamics within soils has become a challenging issue for soil and water quality preservation.
Interactions between mineralogical phases, organic ligands and bacterial communitiesclosely linked to the chemical conditions of the medium -were thus investigated through a geochemical and microbiological experimental study involving the reduction of As(V)-doped lepidocrocite within the soil. Reducing conditions were established as soon as the experiment started, followed by a release of dissolved organic carbon corresponding to a release of acetate. Scanning Electron Microscopy observations pointed out a large bacterial colonization occurring on the lepidocrocite leading to a 3-dimensionally shaped biodissolution of lepidocrocite. The taxonomic diversity evolved throughout the experiment, and thus it demonstrated the evolution of the metabolic activities of the bacteria. At the beginning, lepidocrocite was mainly colonized by bacteria belonging to the Geobacter genus (Deltaproteobacteria) (26%) and Bacillus and Oxalophagus fermentative related genera (Firmicutes) (72%). After two weeks, Geobacter spp. and Firmicutes represented 54% and 30% of the bacterial community, respectively. Although still dominated by Geobacter spp.
(34%) at the end of the experiment, the bacterial diversity had increased. After 3 and 8 weeks of incubation, the presence of the arsB and ACR3(1) genes, encoding transporters involved in
As detoxification processes, indicated that this community harbored As-resistant or Astransforming genera able to contribute to the transformation of As(V) into As(III).
INTRODUCTION
Iron (III) oxides are ubiquitous mineral constituents of soils, sediments, aquifers and geological materials. Their respective stability, specific surface area, porosity, dissolution rate as well as transformation kinetics are controlled by their mineral structure (Cornell and Schwertmann, 2003) . The precipitation and dissolution of Fe oxides are dependent on the pH,
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redox state and occurrence of organic ligands (McBride, 1994) , which are themselves controlled by microbial activities. The key role of microorganisms in the biogeochemical cycling of Fe has been well assessed (Lovley and Phillips, 1986; Lovley, 1991; Lovley et al., 1991; Wahid and Kamalam, 1993; Roden and Zachara, 1996) . Fe-reducing bacteria, which are ubiquitous in waterlogged soils, couple the oxidation of organic matter with the reduction of various Fe(III) oxyhydroxides for their metabolism (Francis and Dodge, 1990; Lovley and Phillips, 1986; Chuan et al., 1996; Charlatchka and Cambier, 2000; Green et al., 2003; Quantin et al., 2001; Grybos et al., 2007) . This functional group is phylogenetically diverse. It comprises bacteria that conserve energy to support growth from Fe(III) reduction and those that do not possess this potential (Lovley, 2006) .
A direct consequence of Fe(III) reduction is the release of the associated trace metals into the soil solution (e.g. Schwertmann and Taylor, 1989; Lovley and Coates, 1997; Davranche and Bollinger, 2000; Quantin et al., 2001; Zachara et al., 2001; Van Geen et al., 2004; Burnol et al., 2007; Jönsson and Sherman, 2008) . Therefore, the biogeochemical cycles and fate of Fe and the associated trace metals are closely linked (Francis and Dodge, 1990; Lovley, 1991) . As a consequence, the sorption and redox chemistry of Fe(III) oxides have been widely studied in near-surface geochemical systems (Charlatchka and Cambier, 2000; Davranche and Bollinger, 2000; Davranche et al., 2003; Bonneville et al., 2004; Grybos et al., 2007) . Under oxic conditions, crystallized or amorphous Fe(III) mineral phases are able to incorporate or scavenge toxic trace elements such as As, Cr, Cd or Pb (Bousserrhine et al., 1999; Morin et al., 1999; Brown and Sturchio, 2002; Morin et al., 2002; Bonneville et al., 2004; Morin and Calas, 2006) . Secondary Fe(II)-Fe(III)-containing minerals, such as green rusts and magnetite (Lovley et al., 1987; Ona-Nguema et al., 2002; Zachara et al., 2002; Glasauer et al., 2003; Ona-Nguema et al., 2004; Zegeye et al., 2005) , have been shown to scavenge trace elements (e.g., Cooper et al., 2000; Coker et al., 2006; Root et al., 2007; 
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ACCEPTED MANUSCRIPT Ona-Nguema et al., 2009) . Among the trace metals, arsenic (As) is strongly adsorbed onto Fe-oxides (Manning et al., 1998; Raven et al., 1998; Dixit and Hering, 2003) , which are probably the largest carriers of As in aquifers and soils (Morin et al., 2002; Morin and Calas, 2006; Cancès et al., 2005; . Arsenic occurs at concentrations exceeding potable levels in major aquifers in several parts of the world, especially in South Asia (Smedley and Kinniburgh, 2002; Islam et al., 2004; Van Geen et al., 2008) . High As concentrations in subsurface waters have been shown to often result from the reductive dissolution of hydrous Fe-oxides and the subsequent release of associated As (Nickson et al., 2000; Bose and Sharma, 2002; Van Geen et al., 2004) . When As(V) is released, a subsequent bioreduction to As(III) can be performed by microorganisms via two processes: the first involves dissimilatory arsenate-respiring prokaryotes (DARPs) that will reduce As(V) using organic matter as an electron donor to obtain energy and to support growth, whereas the second is the consequence of detoxification strategies that expel As(III) from the cell after As(V) has entered the microbial cell through phosphate transporters (Lloyd and Oremland, 2006 ).
In the natural environment, the mineral soil matrix could also strongly influence the mechanism of the reductive dissolution and therefore the nature of the secondary minerals (for example, due to Fe(II) adsorption or As solubilization). Until recently, it was still a challenge to study the processes involved in bioreduction directly in soils despite a large set of experimental studies (Jorgensen and Willems, 1987; Voeglin et al., 2002; Jenkinson and Franzheimer, 2006) . However, Fakih et al. (2008) developed a method inspired from Birkefeld et al. (2005) to monitor the transformation of Fe-oxides directly within soils and to quantify their reductive dissolution. Iron oxides are precipitated onto acrylic slides, which can be directly inserted into the soil.
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Considering the crucial need for addressing interdisciplinary approaches combining geochemistry and microbiology to understand Fe-oxide bioreduction mechanisms, we used the monitoring tool recently developed by Fakih et al. (2008; 
MATERIALS AND METHODS
All of the chemicals used were of analytical grade. The solutions were prepared with double de-ionized water (Milli-Q system, Millipore). The containers used were (i) soaked in 10% ultrapure HNO 3 for 48 h at 60°C to remove all possible contaminant sources, (ii) soaked in Milli-Q water for 24 h at 60°C, and finally (iii) dried at 30°C.
Iron oxide-covered slides
A technique based on slides coated by Fe-oxyhydroxides (Birkefeld et al., 2005; Fakih et al., 2008) was used. The tool consists of small (2 × 2 × 0.2 cm) striated polymer plates covered by synthetic As(V)-lepidocrocite (As-Lp). The detailed methodology for the production of the slides, their characterization and the method validation are further detailed in Fakih et al. (2008) . Lepidocrocite was synthesized in the presence of As(V) according to the protocol given by Schwertmann and Cornell (2000) . The average amount of Fe coating the slides was 0.7 ± 0.2 mg per slide (Fakih et al., 2009 ). The mass ratio of As and Fe was 0.005 (i.e. 3.5 µg of As per slide). Although the question of the form into which As was M A N U S C R I P T
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incorporated into the lepidocrocite was not addressed through this study, As was probably mostly sorbed onto lepidocrocite via an inner-sphere complex (Randall et al., 2001; Pedersen et al., 2006; Ona-Nguema et al., 2009) . The surface area of the lepidocrocite, measured by a multi-point BET method (using a Micromeritics FlowSorb II 2300 apparatus equipped with a LECO TC-436 analyzer), was determined as 65.1 m 2 g -1 . The As(V)-lepidocrocite mineralogy was assessed by XRD analyses performed on a Siemens D500 diffractometer ( Figure A .1, supporting information). The BET and XRD analyses were performed at the Chemical Sciences Department at the University of Rennes 1.
Soil sampling
Soil was sampled from the Mercy wetland located in the Naizin-Kervidy/Coët-Dan subcatchment in Brittany, Western France (Curmi et al., 1997) . This catchment is particularly well adapted to study the reductive dissolution of Fe because redox cycles involving Fe have been identified in these soils (Dia et al., 2000; Olivié-Lauquet et al., 2001 
Experimental set-up
Columns suited for anaerobic conditions are described in detail in Fakih et al. (2009) .
Briefly, two reservoirs are connected by a flexible tygon tube with an internal diameter of 0.2 mm. The columns were operated in up-flow mode. The solution percolated gently through the soil sample from the bottom of the column and was returned back to the solution reservoir.
The solution (800 mL) was continuously flushed through the soil column at a flow rate of 20 mL h -1 using a peristaltic pump (Ismatec Ecoline). The solution circulated in a closed system.
Forty grams of a dried and sieved soil sample were placed into a 250 ml polypropylene reservoir. Two horizontal perforated Teflon disks (with a pore size of 69 µm) retained the soil sample particles in the reservoir. The total porosity in the soil columns (i.e., pore water volume) was 56%. The incubation experiments were performed at a constant temperature of 22 ± 0.6°C in a Jacomex glove box under purified N 2 flow (< 10 ppm O 2 and H 2 O). As previously evidenced, the coated As(V)-Lp oxide slides did not chemically disturb, or only did so very slightly, the soil system (Fakih et al., 2008) . conducted. However, each data point corresponds to one sacrificed anaerobic column and the displayed kinetics of the analyzed solute are consistent through time. Each column served as a replicate to the other columns (Parsons et al., 2013) . The recovered slides were rinsed with de-oxygenated deionized water under nitrogen atmosphere to remove the soil sample particles. Then, at each sampling time: (i) two slides devoted to the SEM observations were maintained under anaerobic conditions. Incubated slides were dried at the critical point (Fakih et al., 2008) . The surfaces of the slides were observed by Scanning Electron Microscopy (SEM) with a JEOL JSM-6301F Field Emission Gun Scanning Electron Microscope operating at 9 kV after being coated with Au-Pd nano-particles by cathodic deposition with a JEOL JFC 1100 sputter.
(ii) Two slides devoted to microbiological analyses were collected with sterilized clips, stored in sterile Petri boxes and frozen at -18°C until needed.
Soil solution sampling and chemical analyses
Roughly 5 and dimethylarsinic acid (DMMA) are considered as insignificant in reduced soil solution (Masscheleyn et al., 1991) , we focused the investigation on As(III) and As(V). Total As and As(III) were measured by the pH-selective hydride generation/separation technique coupled with atomic absorption spectrometric detection (SOLAAR GF95 graphite furnace) with an accuracy of ±5% and ±8%, respectively (Michon, 2006) . The amount of As(V) was estimated by subtracting As(III) from the total As. Dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) were measured using a Total Organic Carbon analyzer (Shimadzu TOC-5050A). The accuracy of the DOC and DIC measurements was estimated to be ± 3%
(by using a standard solution of potassium hydrogen phthalate) and 4% (by using a standard solution of sodium carbonate-bicarbonate), respectively.
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Speciation modelling
Modelling calculations were performed with PHREEQC/Model VI . This model was used to calculate the speciation (saturation index, redox, mixing, sorption, etc.) in organic rich-solutions. The "minteq.v4" database was completed by both (i) the solubility constants of the reduced solid phases possibly encountered, such as green rusts, hydroxy-green rusts, etc. (Rickard and Luther, 2007) , and (ii) Model(VI) specific binding parameters corresponding to the complexation of Ca, Mg, Al(III) Fe(II) and Fe(III) with the organic matter. Specific binding parameters for Ca, Mg and Fe(II) are from Tipping (1998) and those for Al(III) and Fe(III) are from Marsac et al. (2012; . Speciation was calculated from the chemical composition of the experimental soil solutions at each sampling point.
Microbiological analyses
Soils are among the most diverse systems on Earth in terms of microbial diversity (Lozupone and Knight, 2007; Torsvik et al., 2002; Tringe et al., 2005) . This means that it would have certainly been difficult to compare the bacterial composition of the soil to the bacterial composition of the slide and thus to compare the bacterial diversity in between the two systems in a robust manner. Hence, the slides were used as an ideal tool to reduce the soil community to the main active agents involved in the bioreduction of As-lepidocrocite. Here, the slides were used to only sample the bacteria likely to reduce Fe(III) and As(V) via their metabolic activities. The aim of the study was not to determine the entire bacterial biomass, but instead to follow the time-related dynamics of the biological reducing agents and the associated influence on Fe(II) and As(III) release within the interacting solution. To do this, a non-conventional tool was used to reduce the soil community to the true acting agents with regards to the studied processes.
DNA extraction
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One slide for each sampling date (week 1 to week 8) was aseptically cut into pieces so as to fit loosely in the tubes provided in the Power Water DNA Isolation Kit (Mobio Laboratories, Carlsbad, CA), and the DNA was extracted following the manufacturer's recommendations.
T-RFLP profiling
T-RFLP profiling (Terminal Restriction Fragment Length Polymorphism) was conducted from slides collected at each incubation time. The 16S rRNA genes were amplified with 27F and 1492R primers (Lane, 1991) 
Gene amplification and library construction
The 16S rRNA genes were amplified for the slides sampled at weeks 1, 3 and 8 and at weeks 3 and 8 for genes involved in As transformation (see Table A .1 -supporting information -for the primers used). PCR products, when present, were used to construct clone libraries using a TOPO TA cloning kit (vector pCR 2.1-TOPO, Invitrogen) according to the manufacturer's instructions. Recombinant colonies were screened by PCR using primers M13R and T7, and inserts of the correct size were sequenced by GATC Biotech (Konstanz, Germany). Sequences were edited using Sequencher v4. 
Clone libraries analyses
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Chimeras were eliminated using a combination of the Pintail and Mallard programs (Ashelford et al., 2006) , and Greengenes (DeSantis et al., 2006) . The coverage of the libraries at 97% similarity was calculated according to Good (1953) . A comparison of the 16S rRNA libraries was carried out with Libcompare, RDP release 10 (Cole et al., 2009 ). Diversity studies were performed with Mothur (Schloss et al., 2009 ).
Coding sequences were translated prior to carrying out a BLAST analysis (Altschul et al., 1997) against the NCBI non-redundant protein sequence database (nr). Protein sequences were aligned with ClustalW2 (Larkin et al., 2007) . Phylogenetic analyses were performed with MEGA v4 (Tamura et al., 2007) , using the Neighbor-Joining method (Saitou and Nei 1987) and the Poisson correction model (Zuckerkandl and Pauling, 1965) , pairwise deletion, and bootstrapping analysis (Felsenstein, 1985) from 1000 replicates.
Nucleotide sequence accession numbers
The DNA and protein sequences reported in this study were deposited in the EMBL database under the accession numbers HE804267 to HE804616 (16S rRNA gene), and HE804617 to HE804677 (arsB and ACR3 (1)).
RESULTS
Soil solution composition
The data recording the evolution of the soil solution composition can be found in Table   2 and are displayed in Figs. 1a-d.
Through a classical reduction sequence in flooded soil, Eh rapidly decreased to 2 mV in 1 week, and the lowest value was reached at week 6 at -65 mV. At the end of the experiment, Eh increased to -43 mV ( Fig. 1 ) reflecting the establishment of moderate reducing conditions. The pH increased to 7.15 and remained roughly constant throughout the experiment although it slightly increased up to 7.7 (Fig. 1a) . This increase is explained by the
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H + consumption by the reducing reaction. Although the SO 4 2-concentration was stable at the beginning of the experiment, it sharply decreased between week 1 and 2 to remain constant below the quantification limit (ql) (ql = 0.5 mg L -1 ) (Fig. 1b) . Iron(II) and acetate were produced as soon as the solution was NO 3 -depleted (< ql: 0.5 mg L -1 ). Iron(II) and total Fe (Fe tot ) exhibited the same behavior, suggesting that the released Fe only corresponded to Fe(II) (Fig. 1c) . The maximum Fe(II) concentrations were > 34 mg L -1 after 4 weeks of incubation. The acetate concentration rose up to 91.2 mg L -1 at week 3 and then decreased to 5 mg L -1 after week 4 (Fig. 1b) . Acetate and Fe(II) are by-products of the organic carbon consumption and Fe(III) oxides are used as an e-acceptor by soil bacteria for their growth, respectively. Dissolved organic carbon (DOC) concentrations quickly increased to reach a maximum of 364.3 mg L -1 at week 3, then decreased to 198.6 mg L -1 at week 6, and reached 225 mg L -1 at the end of the experiment (Fig. 1b) . Dissolved inorganic carbon (DIC)
concentrations decreased from 12.1 mg L -1 to 6.2 mg L -1 between week 1 and 3, and then increased again until week 6 (16.7 mg L -1 ) to reach 10.7 mg L -1 at the end of the experiment.
The increase in DIC can be explained by the soil organic carbon mineralization by the soil bacteria community. Arsenic was released as soon as reductive conditions prevailed (Fig. 1d) .
Arsenic(V) solubilization followed a two-stage trend with a rapid onset at the beginning of the experiment, whereas the As(III) concentrations were low. Then, As(V) reached a maximum at 53.3 µg L -1 at week 6 only to drastically drop to 15.3 µg L -1 between weeks 6 and 8 (Fig. 1d) . Arsenic(III) release followed a three-stage-trend with a first onset at 21 µg L -1 at week 3, followed by a decrease to 9.7 µg L -1 at week 4. Finally, As(III) reached 46.6 µg L -1 at the end of the experiment (Fig. 1d) . The change in the arsenic redox state is evidenced by the evolution of the As(III)/As(V) ratio from 0 to 3.05 at the end of the experiment (see Table 2 ).
Modelling speciation data
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Since the low amount of newly formed minerals precluded any direct identification to be performed, the saturation indexes of possible Fe(II) secondary minerals were calculated, with respect to the equilibrium condition, using PHREEQC/Model VI (Fig. 2) . At the end of the experiment, the solution was saturated with respect to siderite and hydroxy-green rust Fe(III) 2 Fe(II)(OH) 8 (-0.5 < Saturation Index < 0.5). It is interesting to note that their occurrences were inversely related to the organic matter-Fe(II) complexation (Fig. 2) . 
Scanning Electron Microscope observations
The slides exhibited major changes throughout time. After one week of incubation, the slides were characterized by needles of pristine lepidocrocite (crystals measuring 0.03-to 0.3-µm long)
, not yet weathered, but already colonized by bacteria (Fig. 3b ) in contrast to the pristine lepidocrocite (Fig. 3a) . Some of the colonizing bacteria became encrusted within little crystals. At 4 weeks, the bacteria became more encrusted, whereas small gaps were developing (Fig. 3c) . At 8 weeks, a thick biofilm covered the oxide (Fig. 3d) , and a 3-dimensional alteration was clearly recorded (Fig. 3d) . At this stage of the experiment, the lepidocrocite showed a more connected structure characterized by highly misshapen crystals (Fig. 3e) .
Bacterial community structure and dynamics
As pointed out by SEM observations (Figs. 3a-e) , the slides were colonized by bacterial communities in initially reductive conditions. The clone libraries of the 16S rRNA genes
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produced by the communities after 1, 3 and 8 weeks with a coverage of 85%, 75% and 72%, respectively (Table A. 2, supporting information), could be used to define their composition (Table 3) . At week 1, the coated As(V)-Lp oxide slides were mainly colonized by bacteria belonging to the Geobacter genus (Deltaproteobacteria) and Bacillus and Oxalophagus related genera (Firmicutes), each representing between 26 and 35% of the clone library.
Overall, the most abundant phylum was that of Firmicutes with 72% of the clone library, followed by Deltaproteobacteria (26%) with Geobacter as a single representative.
Gammaproteobacteria and other unaffiliated clones represented less than 4% of the total clone library. At week 3, more than half of the clone library consisted of the Geobacter genus (54%), the rest being mainly made up of Firmicutes (30%), among which 10% were Bacillus and Oxalophagus, 8% were Thermincola and 5% were Fervidicella related strains.
Representatives of other phyla such as Alphaproteobacteria, Betaproteobacteria and
Elusimicrobia represented less than 4% of the clone library. At week 8, the species diversity had increased (Table 3 and The library coverage of the ArsB deduced sequences (Table A. 2, supporting information) indicated a good recovery of the diversity of this As(III) transporter for both weeks 3 and 8. At all sampling points, most of the sequences retrieved (81%) fell within cluster 1 (Fig. 5 ), which showed a high similarity (at least 97% of the amino acid identity) with the ArsB sequence from Pseudomonas fluorescens (Gammaproteobacteria). Clusters 2 and 3 (13% of the sequences) were related to that of Pseudomonas putida, but with a lower similarity (80 to 83%). One sequence was highly related to the ArsB of another Gammaproteobacteria belonging to the genus Shewanella, whereas two other sequences showed similarity to the ArsB of the Betaproteobacteria Comamonas testosteroni. The latter three sequences were solely retrieved at week 3.
At week 3, the percentage of the Acr3(1)p library (79%) indicated a good recovery of the diversity, whereas a similar number of clones at week 8 led to just less than 50% of coverage (Table A. 2, supporting information) indicating an enrichment of the community on the slide. BLAST searches showed that most of the sequences retrieved (cluster 1) were close to the Geobacter Acr3(1)p sequences (similarity between 80 and 92%) (Fig. 5 ). These sequence types were more frequently found at week 3 (78%) than at week 8 (47%). Other abundant sequences were found in clusters 2 and 3 and cluster 7, which respectively harbored sequences related to the Methylomicrobium album (Gammaproteobacteria) and Thermincola potens (Clostridia) ACR3(1) genes. Four other sequence types were present in the library, closely related to Acetonema longum, Desulfosporosinus meridiei (Clostridia), Desulfovibrio
(Deltaproteobacteria), and Methanocella arvoryzae (Euryarchaea) ACR3(1). M A N U S C R I P T ACCEPTED MANUSCRIPT
No PCR amplification was obtained for the arsenite oxidase genes. Faint amplifications were obtained for the arsenate reductase genes at weeks 3 and 8 with Malasarn's primers (Malasarn et al., 2004) . Although very faint, the amplification product was slightly stronger at week 8 (Table A .1, supporting information).
DISCUSSION
Reductive biodissolution
The chemical dynamics of the soil solution depict a typical reduction sequence for water-saturated soil (Ponnamperuma, 1972) . Whereas Grybos et al. (2009) demonstrated that the large DOC release was provided by the organic matter desorption from the soil in response to an increase in pH accompanied by reduction reactions, here, the increase in pH remained small. Therefore, the DOC release has to be related either to reductive dissolution leading to the release of organic matter bound to oxides and/or to DOC genesis by the soil reducing-bacterial biomass (Ponnamperuma, 1972; Lovley, 1991) .
Week 6 is critical since a decrease in Fe(II) and acetate and an increase in As were recorded (Fig. 1) . Experimental and field studies, in which decreases in aqueous Fe were observed, suggested the precipitation of secondary Fe(II) phases such as siderite, magnetite or vivianite (He et al., 1996; Zachara et al., 2002) . To test this assumption, modelling calculations were performed to calculate the saturation index of such Fe(II)-minerals in the present organic-rich solutions (Fig. 2) . Several Fe(II) phases seem to be saturated or supersaturated in solution, suggesting the precipitation of such solids from week 6, which could explain the observed decrease in Fe(II) (Fig. 1c) . The drop in Fe(II) is concomitant to that of acetate. However, whereas the Fe(II) concentration stops decreasing between weeks 6 and 8, the acetate concentration continued to decrease after week 6. The precipitation of Ferich byproducts is supposed to strongly limit or inhibit electron shuttling between Fe(III)
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oxides and bacteria cells (Urrutia et al., 1998; Roden, 2004; . The rate of electron transfer is the rate-limiting step during enzymatic reduction. The decrease in acetate may be a consequence of the secondary phase precipitation. The decrease in dissolved acetate, commonly used by dissimilatory Fe-reducing bacteria (DIRB), is interesting and would not have been observed if fermenting bacteria were present at a much higher abundance than the DIRB in the bacterial community as shown by Burnol et al. (2007) . As described in the partial equilibrium model developed by Postma and Jacobsen (1996) , respiration is generally sufficiently fast in relation to fermentation.
Iron and As release rates
The reductive dissolution of As(V) lepidocrocite would result in a concomitant release of As and Fe. However, Fe(II) and As solubilization were slightly decoupled at the beginning of the experiment (Fig. 1) . This slightly delayed As solubilization was previously explained by the readsorption of As(V) onto residual ferrihydrite by Burnol et al. (2007) in a biotic case and by Pedersen et al. (2006) in an abiotic case. This hypothesis was also supported by Kocar et al. (2006) who experimentally showed the occurrence of As sequestration rather than desorption during the reductive dissolution of As-bearing ferrihydrite. Through ferrihydrite reduction experiments, Tufano and Fendorf (2008) established that at the beginning of Fe reduction, the resulting Fe secondary minerals increased As(III) retention, whilst with increasing reaction time, the ensuing reductive dissolution generated a significant As(III) release into solution. However, another hypothesis can be proposed suggesting that Fe (III) and As(V) were probably used sequentially by the biomass following the energy yield of each reaction. Burnol et al. (2007) suggested that As(V) is not reduced whilst the more energetically favorable Fe reduction dominated. However, based on thermodynamic data, Kocar and Fendorf (2009) demonstrated that As(V) reduction is more favorable than Fe(III)
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reduction across a range of As, acetate concentrations and circumneutral pH. The Gibbs free energies (∆G r ) of the present system were therefore calculated through time using the concentration gradients of Fe(II), As(V) and As(III) in the experiment. (Fig. A.3, supporting information) .
Therefore, in our experimental conditions, As reduction was always energetically more favorable for respiratory bacteria than Fe(III) reduction. In contrast to Burnol et al. 's hypothesis (2007) , the different release rates of Fe and As observed were thus probably less related to the energy provided by the reducing respiratory reactions than by the limited As availability. Arsenic is first bound to Fe-oxides and is subsequently partially readsorbed until the Fe-oxides are sufficiently dissolved or trapped in secondary minerals, as previously suggested by Pedersen et al. (2006) and Tufano and Fendorf (2008) .
These different release rates might also be related to the amount and quality of the labile organic carbon supply directly linked to the prevailing bacterial community. Previous laboratory and field experiments, such as that of Mailloux et al. (2009) , suggested that As release could occur during fermentation, Fe(III) reduction, and methanogenesis when an adequate supply of organic carbon is provided. Subsequently, Mailloux et al. (2009) proposed that nutrient limitation is the key parameter controlling the As release rate and that often ancillary arsenic release has been obscured by the overprint of iron cycling. Considering that fermentative bacteria (Firmicutes) were evidenced, any contribution to the As release sourced in the fermentative bacteria metabolism cannot be completely precluded, even though Fereducing bacteria also resulted, through Fe(III) reduction, in Fe and As solubilization.
The bacterial communities involved
At the end of the first week of incubation, Geobacter Fe-reducing bacteria, and fermentative Firmicutes, particularly Bacillus and Oxalophagus-related taxa, were the first and dominant colonizers on the coated As(V)-Lp oxide slides. Apart from these taxa, a cortege composed of various Clostridia-and Pseudomonas-related organisms completed the assemblage (Table 4 ). The occurrence of these organisms is coherent with the composition of the soil solution (Lovley, 1993) . The increase in acetate may result from the fermentative process mediated by fermentative bacteria (Bacillus-, Clostridium-, Fervidicella-, Gracilibacter-, Sporotalea-related strains), whereas Fe(III) reduction can be efficiently ensured by Geobacter-related species even though some fermentative bacteria can also conserve energy from this process (Carlson et al., 2012; Slobodkin, 2005; Wrighton et al., 2011) . Acetate is thus completely oxidized to carbon dioxide with Fe(III) serving as the sole electron acceptor. This sequence of cooperative activities between fermentative microorganisms and dissimilatory Fe(III) reducing microorganisms fits the model of microbially catalyzed oxidation of organic matter coupled to Fe(III) reduction proposed by Lovley (1993) .
After week 3, the richness of the community increased to comprise other fermentative bacteria, another group of Clostridium (Firmicutes) and Elusimicrobium (Elusimicrobia), in addition to an acetogenic bacteria, a Sporomusa-related strain, which may sustain acetate production, whereas the abundance of the Bacillus-and Oxalophagus-related strains decreased. Interestingly, another colonizer related to Thermincola (Firmicutes) was detected, whereas the abundance of Geobacteraceae still increased. Thermincola can reduce amorphous Fe(III)-hydroxide and oxidize hydrogen and acetate using Fe(III) as a terminal electron acceptor (Zarvazina et al., 2007) . Although the community was at that time imprinted by the anoxic conditions, we noticed the minor presence of (micro)aerobic organisms, such as
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Sphingomonas (Alphaproteobacteria), a versatile chemoorganotroph microorganism able to use diverse carbon sources, and Ralstonia (Betaproteobacteria), a genus able to thrive on hydrogen as a sole source of energy (Bowien and Schlegel, 1981; Lenz et al., 2002) .
At week 8, whereas a decline in acetate and DOC prevailed in the solution, the increase in diversity still progressed with the appearance, each in low abundance, of less specialized microorganisms with regards to Fe(III) reduction. Iron-reducing bacteria still persisted on the slide, but to a lesser extent. This observation reflected the varied environment that was established over time by the pioneer microorganisms. Conditions on the slides became more favorable to other metabolic groups (e.g. Acidobacteria, Actinobacteria, Chloroflexi), whereas the acetate limitation impaired the growth of Geobacter-related strains.
At the beginning of the experiment, the sulfate concentration decreased to below the detection level, although no sulfate reducing bacteria were clearly identified. However, recent studies have suggested that our knowledge of this functional group is still limited, and we might have failed to detect these organisms. Pester et al. (2010) showed that even at very low abundance (0.006% relative 16S rRNA gene abundance), some bacteria could carry out sulfate reduction in peatlands. In addition, bacteria harboring dsrAB genes (encoding subunits A and B of dissimilatory (bi)sulfite reductase) have been detected in various environments including wetlands, even though they were not related to known SRBs, and no correlation with the sulfate reduction could be confidently inferred (Pester et al., 2012) .
Focus on biotic agents of As redox behavior
Arsenic(V) can be subjected to two microbially-mediated reductive processes:
detoxification and/or dissimilatory reduction. Two main families of arsenite transporters involved in the detoxification of As by the cells have been identified: ArsB and Acr3p, itself subdivided into Acr3(1)p and Acr3(2)p (Rosen, 1999; Achour et al., 2007) . Bacteria that are resistant to As often have one or two genes encoding for these transporters (Achour et al.,
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2007). The presence of ArsB and Acr3(1)p transporter encoding genes (genes for Acr3(2)p transporters were not detected) involved in the detoxification were found in the community at week 3 and 8, indicating that this community harbored arsenic-resistant or arsenictransforming genera potentially able to transform the released As(V) into As(III). Yet, the horizontal transfer of arsenite transporter encoding genes (at least arsB and ACR3 (2) were detected by the 16S phylogenetic diversity analyses, whereas the ACR3(1) and arsB gene sequences closely related to those found in these genera were detected. This observation could eventually reflect cases of horizontal gene transfer although we cannot rule out that these taxa, perhaps less dominant, were not detected in our library. At any time of sampling, the richness of the Acr3(1)p transporters was greater than that of ArsB (the PCR product of the arsB gene was low). This result is consistent with the observations of Achour et al. (2007) , who suggested that the Acr3p family of arsenite transporters may be more widespread in bacteria than ArsB.
In contrast to nested PCR, direct PCR avoids biases in the representativeness of the targeted genes. We adopted this latter approach to target the arrA gene involved in the dissimilatory reduction of As. Unfortunately, the faint PCR product obtained with Malasarn's primers precluded the construction of arrA gene libraries to identify arrA-bearing strains.
Some of the phylogenetic groups detected in the 16S gene library have been shown, at least for some strains, to harbor arrA genes: e.g. Desulfosporosinus sp. Y5 (Pérez-Jiménez et al.,
2005), Bacillus with B. selenitireducens (Afkar et al., 2003) and B. arseniciselenatis (Duval et al., 2008; Malasarn et al., 2004) or Clostridium with Cl. sp. OhilAs, Cl. sp. ARCL1 and Cl.
sp. AKAR3 (Oremland and Stolz, 2003; Rhine et al., 2005) . Additionally, Geobacter with G.
loveyii (Duval et al., 2008) and G. uranireducens (Giloteaux et al., 2013) and an identified strain belonging to Clostridium, Cl sp. FRB1 (Burnol et al., 2007) , have the capacity to use both As(V) and Fe(III) as electron acceptors to respire.
However, although these genera are good candidates, we cannot ascertain for certain that the strains detected in our study harbored this gene. Interestingly, a close examination of the sequence targeted by Malasarn's primers revealed a poor match with the Geobacter arrA gene (data not shown). It may be that the faint arrA PCR product detected belonged to another genus (or genera). Alternatively, the faint amplification of the arrA gene could indicate that dissimilatory arsenate-reducing bacteria were poorly represented in the community. In any case, we have to admit that the identification of DARB (or DARP) in the environment is rarely assessed and is still a challenge. Efforts have to be made to improve our capacity to detect these organisms using direct PCR approaches, which is essential to identify the true actors involved in the biogeochemical dynamics of As. This will also allow researchers to go one step further to tease apart the role of detoxifying or respiratory processes in As(V) reduction by providing useful primers to target directly the transcripts of these genes through quantitative PCR.
Thus, this study suggests that the soils from the Mercy wetland harbor bacteria with the capacity to reduce As(V) either as the result of resistance involving the arsenite transporter ArsB or through dissimilatory respiration. The presence of arsenite oxidase coding genes was not detected (data not shown), which is consistent with the prevailing anaerobic environment of the slides and the increasing concentration of the released As(III).
CONCLUSIONS
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As soon as the incubation began, the As(V)-doped lepidocrocite slides were colonized by bacteria, which were identified as Bacillus and Oxalophagus fermentative bacteria and
Geobacter Fe-reducing bacteria. The first bacterial species produced the acetate necessary for the growth of the second species. This colonization was therefore accompanied by a solubilization of Fe(II) and As(III) in solution and the formation of 3-dimensionally shaped biodissolution of lepidocrocite on the slides. However, the release of Fe(II) and As was delayed, which can be explained by the precipitation of Fe(II) secondary minerals able to trap As(V), and the amount and quality of the available organic carbon. The diversity of the bacteria community increased throughout the incubation time and although it was dominated by the Geobacter genus at week 8, the new colonizing microorganisms were less specialized in Fe-oxide reduction, which resulted in the decrease in acetate production and Fe(II) release.
The As data showed that both As(V) release and its reduction to As(III) were initiated during the first week alongside Fe(III) reduction. The presence of ArsB and Acr3(1)p transporters encoding genes -involved in the detoxification processes -found in the community at weeks 3 and 8 indicated that this community at least harbored arsenic-resistant genera able to transform the dissolved released As(V) into As(III). 
Table 2
Soil solution data through time.
Table 3
Succession of the bacteria colonizing the lepidocrocite, as represented by the phylogenetic classes and genera identified in the clone libraries. The range of percent similarity with each genus is indicated in brackets. The shading is proportional to the relative abundance of the clones. nd refers to not detected. A C C E P T E D M A N U S C R I P T
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